Recent findings about the role of the grain boundary energy in complexion transitions are reviewed. Grain boundary energy distributions are most commonly evaluated using measurements of grain boundary thermal grooves. The measurements demonstrate that when a stable high temperature complexion co-exists with a metastable low temperature complexion, the stable complexion has a lower energy. It has also been found that the changes in the grain boundary energy lead to changes in the grain boundary character distribution. Finally, recent experimental observations are consistent with the theoretical prediction that higher energy grain boundaries transform at lower temperatures than relatively lower energy grain boundaries. To better control microstructures developed through grain growth, it is necessary to learn more about the mechanism and kinetics of complexion transitions.
Introduction
The characteristic structure and chemical composition of a grain boundary [1] , free surface [2] , phase boundary [3] , or dislocation [4] are referred to as its complexion. Extensive research has shown that grain boundary complexions can abruptly transition from one state to another in response to a change in composition or temperature [5, 6] . These transitions are thought to occur because they reduce the grain boundary excess free energy [7] . The purpose of this paper is to review recent findings on the role of the grain boundary energy in complexion transitions. Efforts to measure the change in grain boundary energy associated with a complexion transition will be reviewed and the role of the anisotropy of the grain boundary energy will be discussed. Because the experiments have mostly explored the changes in complexion that occur as a function of temperature, we will begin by reviewing what is known about the effect of temperature on the grain boundary energy. Next, experimental methods to measure the change in energy will be described and the results of those measurements will be reviewed. Experiments probing the influence of grain boundary energy anisotropy will then be discussed and, in the final section, some of the most important directions for future research will be outlined.
Temperature dependence of the grain boundary free energy
The grain boundary free energy of a pure material is expected to decrease linearly with increasing temperature because of the entropic term in the free energy. Measurements of pure Ni and Cu, among other materials, are consistent with this expectation [8] [9] [10] . For example, in the temperature range between 600 and 1000°C, the grain boundary energy of Cu decreases by 0.4 J/m 2 and in the temperature range between 800 and 1400°C, the grain boundary energy of Ni decreases by 0.1 J/m 2 [9] . Atomistic simulations can be used to calculate the temperature dependence of the grain boundary energy and these results also show that the energy decreases with temperature [11] [12] [13] [14] [15] [16] . However, the decrease in energy is not perfectly linear, especially at temperatures near absolute zero and close to the melting point [13] . Over this range, Foiles [13] determined that the grain boundary energy of Ni decreases from 1.2 J/m 2 at 0 K to 0.4 J/m 2 at the melting point. For comparison, the surface energy of Cu decreases about 25% from room temperature to the melting point [12] . The evidence from both the experiments and the calculations suggest that the decrease in the grain boundary energy of pure materials is continuous.
In a system with impurities or alloying components, the situation is expected to be different. In most cases, the solute will accumulate at the grain boundaries and reduce the grain boundary energy. As temperature increases, the bulk solubility usually increases; if the solute from the intergranular regions dissolves in the bulk, the boundary excess will be reduced, and this will increase the grain boundary free energy. This general idea has been used to interpret a large amount of alloy data that shows grain boundary energies increase with temperature. For example, the grain boundary energies of Cu alloys with 61 atomic percent Zr, Te, Ti, or Cr increases by 0.035 J/m 2 (Zr) to 0.065 J/m 2 (Cr) between 700 and 900°C [8, 9] . Measurements of Ga-Pb alloys have shown that surfaces behave in a similar way, with the surface energy increasing as the surface excess decreases at higher temperatures [17] . In other words, the increases in grain boundary energy driven by the change in boundary composition more than compensate for the entropic factor that tends to reduce the grain boundary energy. Changes in the grain boundary energy that occur because of the desegregation of solute from the boundaries at high temperature are thought to be continuous, at least until the solute is depleted and the entropic effect prevails.
If the solute content of a boundary is metastable, and it transitions to a stable composition, then there can be a discontinuous change in the grain boundary composition and this might lead to a discontinuous change in energy. For example, in yttria doped alumina, it has been observed that increases in Y content (or decreases in the total grain boundary area from grain growth) lead to increased grain boundary excess of Y [18] . The grain boundary excess reaches a maximum of 9 Y/nm 2 and then, at higher concentrations, yttrium aluminum garnet (YAG) precipitates form and the grain boundary excess decreases to a value that remains constant (6-7 Y/nm 2 ) with an increased concentration of Y. This decrease in Y excess at the boundaries would presumably lead to an abrupt increase in the grain boundary energy. If a Y-doped alumina ceramic supersaturated in Y is heated, then at the temperature that YAG precipitates, one might also expect an abrupt lowering of the grain boundary excess and a corresponding increase in the grain boundary energy.
Precipitation of a second phase is one mechanism that can occur to partition excess solute in the microstructure, but it is now known that transitions to thicker grain boundary complexions (carrying more solute) are also possible. If, as temperature changes, one grain boundary complexion becomes more stable than another, then the rate of change of the grain boundary energy with temperature will also change (see Fig. 1(d) ) [7, 19, 20] . If the boundary remains in a metastable state at a higher temperature, then, when the boundary ultimately transforms, there will be a discontinuous change in the energy. Phase boundaries likely behave in a similar way, and it has been shown that the formation of an interface complexion at a gold-sapphire interface reduces the interface energy [3] .
The four possible scenarios for the change in the grain boundary energy with temperature, at constant bulk composition, are illustrated in Fig. 1 . Note that they lead to characteristic differences in the temperature dependence; continuous negative (a) or positive (b) slopes indicate that the temperature dependence is driven by entopic effects or impurity de-segregation, respectively. Both of these cases have been observed experimentally [9] . An abrupt increase in grain boundary energy, as illustrated in Fig. 1(c) , is expected to occur if precipitates form and the boundaries are depleted of solute. To the author's knowledge, no reports illustrating this effect on the grain boundary energy have been reported. If there is a complexion transition, then the temperature dependence of the grain boundary energy will change slope [7, 19, 20] . If the transition must be activated, and the higher energy complexion exists in a metastable state until sufficiently super heated, then there will be an abrupt decrease in the grain boundary energy, as indicated in Fig. 1(d) . These characteristically different phenomena make it possible to distinguish between precipitation and a complexion transition and this is the basis for some of the experiments described Section 4 [21] [22] [23] [24] [25] [26] [27] .
Grain boundary energy measurements
Experimental grain boundary energy measurements are usually carried out by observing the geometry of interface junctions assumed to be in thermodynamic equilibrium [28] . In this context, we will consider grain boundary thermal grooves that form when a grain boundary meets a free surface [29] . Atomic force microscopy (AFM) is a relatively simple way to observe groove shapes, as illustrated in Fig. 2 . A simplification of the Herring [30] equilibrium condition for triple junctions leads to an equation that makes it possible to measure the grain boundary to surface energy ratio (c gb /c s ) based on the geometry of the thermal groove (defined in Fig. 2 ):
Furthermore, the theory of thermal grooving [29] makes it possible to determine the appropriate geometric parameters from measurements of the groove width and height: tan b ¼ 4:73ðd=WÞ ð 2Þ
The parameters used in Eqs. (1) and (2) are defined in Fig. 2 . In practical measurements of the relative grain boundary energy, it is necessary to consider the finite size of the probe compared to the actual groove dimensions. Consideration of these factors has led to the conclusion that if the grooves are wide enough (W > 1 lm), the finite probe size should not affect the measurement and, for narrower grooves, a correction can be applied [32] . It should also be noted that Eq. (2) is increasingly less accurate for large values of b. However, the errors are known and this makes it possible to correct the data [33] . Finally, there are a number of approximations in Eq. (1) that must be considered when applying it to measurements. First, it is assumed that the two surface energies on either side of the groove root are the same and this is, in general, not true. Second, it is assumed that the grain boundary is normal to the surface plane and, again, this is not true in general. Third, it is assumed that the differentials of the surface and grain boundary energy with respect to orientation are small enough to be ignored and this is, again, not true [34, 35] . Because of these approximations, the measurement of a single grain boundary groove has little meaning. Therefore, the approach that has been adopted is to measure many grooves and examine the distribution of values of c gb /c s , which samples variations in the unknown parameters listed above. Using observations of more than one hundred grooves, it has been shown that the mean value and width of the distribution are reproducible characteristics of the sample [32] .
Relationships between grain boundary energy and grain boundary complexion

Grain boundary energy changes resulting from complexion transitions
The earliest work examining the relationship between grain boundary complexion transitions and grain boundary energy considered doped alumina ceramics [25] . Based on the earlier work of Dillon and Harmer [6, [36] [37] [38] , it was assumed that grain boundaries around large, abnormal grains had a high mobility complexion and that boundaries around the smaller grains had the low mobility complexion (see Fig. 3 ). In other words, abnormally large grains were used as indicators for boundaries that had transformed and it was assumed that the boundaries around the smaller grains were metastable with respect to the high mobility complexion, at least at the annealing temperature. Relying on this assumption, one must recognize that it is possible that not every boundary surrounding the large grain has transitioned to the high mobility complexion. Further, boundaries around the smaller grains might have transitioned, but did not create an abnormally large grain either because not enough time elapsed for the grain to increase in size to differentiate it from the others, or not enough of the boundaries surrounding that grain had transformed and allowed it to grow abnormally large.
To evaluate the energy difference between boundaries that had transformed and those that did not, Dillon et al. [25] used thermal groove measurements to compare the distribution of c gb /c s for boundaries on abnormal grains (type-1 in Fig. 3 ) and boundaries neighboring abnormal grains (type-2 in Fig. 3 ). An example of the results for 100 ppm Nd-doped alumina, annealed at 1400°C, is illustrated in Fig. 4 . While the distributions overlap, there is also a clear difference in the median values of c gb /c s . In this case, the energies of the boundaries around the large grains, assumed to have transformed to the high mobility complexion, have energies that are (on average) 16% lower than those around the smaller grains. Interpreting this with respect to Fig. 1(d) , this is the energy difference between the metastable low temperature complexion (dashed line) and the stable high temperature complexion (solid line). Because we cannot be certain that all of the type-1 boundaries were transformed and that all of the type-2 boundaries were not transformed, the result has to be accepted as an estimate of the difference. It should be kept in mind that this is an average measure; each grain boundary energy is expected to be slightly different and its energy change when it transforms is also potentially different.
The experiment described above for Nd-doped alumina was repeated for several other materials with the following results [25] . For 100 ppm Y-doped alumina at 1400°C, the decrease was 46%, for 500 ppm Mg-doped alumina at 1700°C, the decrease was 26%, for 30 ppm Ca-doped alumina at 1200°C, the decrease was 20%, and for 200 ppm Si-doped alumina at 1200°C, the decrease was 10%. In each case, the interpretation is that the stable complexion around the abnormally large grains has a reduced energy compared to the metastable complexion around the smaller grains. There were, however, three examples that did not show a decrease in energy: 30 ppm Ca-doped alumina at 1400°C, 200 ppm Si-doped alumina at 1400°C, and 200 ppm Si-doped alumina at 1750°C. While there are several feasible explanations for this result, a later study of Ca-doped yttria suggests that it may be a problem with the assumption that type-2 boundaries are not transformed, as described below. Grain boundary energy measurements, similar to those described above, were carried out on 100 ppm Ca-doped yttria annealed at 1700°C for 6 h, at which point abnormally large grains co-exist with much smaller grains (see Fig. 5(b) ) [22, 23] . In this case, the energies of type-1, -2, and -3, grain boundaries were compared to each other and to boundaries in a sample heated for a much shorter time that had no abnormally large grains. As in some of the cases above, the type-1 and type-2 boundaries had energy distributions that were indistinguishable, suggesting they have the same complexion. However, type-3 boundaries, several grain diameters away, had energies that were 40% larger and comparable to the boundaries in the sample with no abnormal grains. This suggests that both the boundaries around the abnormal grains and the boundaries nearby had transformed to the lower energy complexion and the boundaries further away remained in the metastable, high energy complexion. This might explain why, in some of the past studies that compared only the type-1 and type-2 boundaries, no energy difference were detected.
The observation that grain boundaries adjacent to large grains are more likely to have transformed to the more stable, low energy complexion than grains far from the abnormal grains may provide some information about the mechanism of the transformation and this was explored in a recent study using a mesoscale grain growth simulation [39] . The study used a three-dimensional Monte Carlo simulation to probe the links between possible complexion transition paths and the microstructures that result. One of the findings that is pertinent to the observations described above is that if individual grain boundaries transform randomly, then no one grain has enough high mobility grain boundaries to give it a sustained advantage over the others, and abnormal growth is not observed. The second important finding is that if one imposes the condition that boundaries connected to transformed boundaries through a triple line have a higher probability of transitioning than those not connected, then the transformed boundaries tend to cluster and abnormally large grains are observed. Assuming this mechanism is responsible for the formation of large grains with a persistent growth advantage, then one would expect the boundaries labeled type-2 here (adjacent to the large grains) to have energy distributions similar the type-1 boundaries around the large grains. While this is observed in some systems (such as 100 ppm Ca-doped yttria), other systems (such a 100 ppm Y-doped alumina) show distinct differences between the type-1 and type-2 boundaries.
Simulations have also shown that complexion transitions can reduce the grain boundary energy. For example, in simulations of R5 (2 1 0) and (3 1 0) symmetric tilt grain boundaries in copper, structurally distinct complexions were detected that had energies that differed by 1-3% at 0 K [40] . The boundaries transform from Fig. 3 . Optical micrograph of an alumina microstructure with a bimodal grain size distribution. It is assumed that high mobility grain boundaries around the large grains co-exist with metastable low mobility grain boundaries around the smaller grains. The labels 1, 2, and 3, signify examples of boundaries that are around an abnormally large grain (1), neighboring a large grain (2), and far from a large grain (3) [25] . Fig. 4 . Comparison of the relative grain boundary energies of type-1 (bounding abnormally large grains) and type-2 (bounding normal grains) grain boundaries in 100 ppm Nd-doped alumina annealed at 1400°C [25] .
the structure stable at low temperature to the one stable at higher temperatures in the range of 300-400 K. Near the melting point, the boundaries make a final transition to a liquid-like structure. Similar simulations of the R5 (2 1 0) boundary in Cu with a small amount of Ag (0-4 atomic%) have shown a transition from a boundary with a monolayer of segregated Ag to a bilayer of segregated Ag. While this leads to a reduction in the energy, the energy reduction is again found to be very small, less than 0.1 mJ/m 2 [41] . A first principles study of the Ni-Bi system shows that for a R5 (2 1 0) boundary in Ni, segregated Bi bilayers reduced the energy by about 13% and that both monolayers and trilayers were less stable [42] . In contrast, segregation of Bi to the low energy R3 (1 1 1) 
Grain boundary character distribution and grain boundary complexions
There is an interplay between grain boundary complexions, the grain boundary energy distribution, and the types of grain boundaries found in the grain boundary network. Specifically, the grain boundary character distribution (GBCD), which is the relative areas of different types of grain boundaries, also changes when the grain boundary complexion changes [43, 44] . It is now well established that grain boundary populations are distributed in a way that is inversely correlated to the grain boundary energy [28, [45] [46] [47] , so that when the energies change, so does the GBCD. For example, Fig. 6 shows the distribution of grain boundary planes (and examples of the microstructure) in 450 ppm Y-doped alumina after three different thermal treatments [24] . At 1450°C, the grain size distribution is normal and the grain boundaries are presumed to be in the low temperature complexion (Fig. 6(a) ). At 1500°C, there is a bimodal grain size distribution and the coexistence of two complexions is assumed (Fig. 6(b) ). Finally, at 1600°C, the larger grains have impinged and the boundaries are now almost entirely the high temperature, low energy complexion (Fig. 6(c) ). At the same time, there is a shift from a nearly isotropic grain boundary plane distribution (Fig. 6(d) ), to one that is dominated by 1 1 2 0 À Á planes ( Fig. 6(f) ). We know that the population of grain boundaries is inversely related to the energy, so these results demonstrate that the energies of the grain boundaries do not change uniformly in a complexion transition, but some are more affected that others. In this example, boundaries terminated by 1 1 2 0 À Á -type planes are lower in energy with respect to the other orientations. This same phenomenon has been observed in other materials [23, 27] .
Role of grain boundary energy anisotropy in complexion transitions
The observations discussed at the end of Section 4.1 for the NiBi system illustrate the important effect of grain boundary energy anisotropy on complexion transitions. Specifically, at a single temperature and Bi-concentration, higher energy grain boundaries (such as R5 (2 1 0) ) transform to a complexion with a Bi bilayer and low energy boundaries (such as R3 (1 1 1) ) do not [1, 42] . This is consistent with the original theories for complexion transitions that, at constant temperature, there is a critical energy below which boundaries would not transform and, above which, boundaries could undergo a transition to a lower energy complexion [48] . Experiments were recently conducted to determine how the grain boundary energy affected the nucleation of a complexion transition in Y-doped alumina [21] . The experiment used sandwich-like samples consisting of a doped alumina polycrystal sandwiched between two single crystals of sapphire of known orientation. The orientations were selected so that one crystal that has a surface orientation associated with high energy boundaries, (0 0 0 1), and the other has an orientation associated with low energy boundaries, 1 1 2 0 À Á . Therefore, distinct grain boundary energy distributions are created at the two single crystal-polycrystal interfaces and more of the boundaries at the low energy interface will be stable in the low temperature complexion than at the higher energy interface. The results in Fig. 7 are consistent with this idea. The low and high energy sides of the sandwich sample, following consolidation at 1300°C, are shown in Fig. 7(a) and (b) , respectively. The grain boundary energy distributions, measured at the two interfaces are shown in Fig. 7(e) . The 1 1 2 0 À Á or A-plane has the lowest mean energy, the (0 0 0 1) or C-plane has the highest mean energy, and random boundaries between the interfaces (labeled 'polycrystal') have intermediate energies. After annealing the sample at 1500°C (Fig. 7(c) and (d) ), it is clear that more large grains are present along the high energy interface (Fig. 7(d) ) than along the low energy interface (Fig. 7(c) ), consistent with the idea that the nucleation of the complexion transition is more likely to occur at high energy boundaries than low energy boundaries.
Competition between precipitation and complexion transitions
As suggested in Fig. 1(c) and (d), there are two possibilities for partitioning excess solute at grain boundaries. One is to precipitate the excess solute as a second phase, which is expected to deplete the boundaries of solute and increase the grain boundary energy. The other is to transform to a complexion that accommodates more solute at the boundary and this is expected to reduce the grain boundary energy. The competition between these two processes should depend on the energetic barriers associated with reaching the final state. While very little is known about the barrier for complexion transitions, the activation barrier for the nucleation of a new phase is proportional to the cube of the interface energy between the matrix and parent phase and inversely proportional to the square of the free energy of formation of the phase. One can hypothesize that when this barrier is high, complexion transitions are more likely and when the barrier is low, precipitation is more likely.
To estimate the relative sizes of these barriers, the relative interface boundary energy was measured by the thermal grooving technique on samples where a parent phase was diffusion bonded to the precipitate phase, as illustrated in Fig. 8 [26] . The measurements were carried out for Mg-, Ca-, Y-, and Si-doped aluminas, and the results are summarized in Table 1 . The materials with the highest barrier for the nucleation of a new phase have more complexion transitions and they occur at lower temperatures than those with low barriers to nucleation. The differences in the activation energy largely derive from the differences in the interface energies. These results suggest that interface energies should guide the selection of additives that will suppress or promote complexion transitions.
Challenges for the future
While there have been several recent authoritative reviews about wetting and complexion phenomena [5, 49, 50] , the field is relatively young and there are still many things we do not know about grain boundary complexions. In fact, a better understanding of grain boundary complexions was recently stated as a grand chal- Fig. 8 . AFM image of the interface between an yttrium aluminum garnet (YAG) polycrystal and an alumina polycrystal. The green, red, and black traces on the image show examples of thermal groove profiles for YAG, the interface, and alumina, respectively [26] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 1 A list of the relative interface to alumina grain boundary energy ratio, the temperature at which the onset of abnormal grain growth begins in the associated system, the number of complexion transitions that the system displays, and a factor representing the magnitude of the activation barrier that is the ratio of the relative interface energy cubed to the free energy of formation squared. The relative energies have arbitrary units, a.u. [26] . lenge for the future of ceramic science [51] and advances in materials characterization should make it possible to meet that challenge [52] . The overarching challenge is to attain the ability to predict the occurrence of complexion transitions, in a way analogous to how we can predict the occurrence of bulk phases in temperature-composition space. To do this, one needs to understand both their thermodynamic basis and the kinetics of their transitions. One can argue that the thermodynamics of complexions are reasonably well established and, as a result, complexion diagrams, analogous to phase diagrams, are now being used to systematically represent the ranges of stability of different grain boundary complexions [5, 53] . The kinetics of complexion transitions is only now beginning to be probed. The long range goal should to establish time-temperature-transformation (TTT) diagrams for complexions [54] .
There are a number of things that we do not know about the kinetics of complexion transitions. For a bulk phase, there is a critical temperature for the transformation. If there is a barrier to the transformation, then the stable and metastable phases can coexist, at least temporarily. The same appears to be true for complexions, but there is a complicating factor. Each grain boundary with a distinct energy will have a different critical temperature for transformation. In other words, the points where the red and blue lines cross on Fig. 1(d) are different for each type of grain boundary. Therefore, multiple grain boundary complexions may be stable at a single temperature, but at boundaries with different energies. This seems to be confirmed by observations reported by Bojarski et al. [21] , but it is also possible that there is a nucleation barrier for the transition. The conclusions from the simulations by Frazier et al. [39] suggest the stable complexion nucleates heterogeneously on boundaries that are connected through a triple line to a boundary that is already transformed.
While it is possible to experimentally map out TTT diagrams for grain boundary complexion transitions, the work would be greatly accelerated by a firm theoretical foundation and this will not be possible until the nucleation mechanism is understood. It is possible that the results of atomistic simulations or in situ high resolution microscopy will provide important clues to the mechanism. However, quantitative experiments comparing the actual transition rates to measured rates will be necessary to verify proposed mechanisms.
Conclusions
The grain boundary energy plays an important role in grain boundary complexion transitions. Experiments and computer simulations show that high temperature complexions have lower energies than the corresponding metastable low temperature complexion. The change in grain boundary energy causes a change in the grain boundary character distribution. There is also evidence that higher energy grain boundaries transform to the lower energy complexions at a lower temperature than low energy grain boundaries. To control microstructures with multiple co-existing complexions in a predictive way, it is necessary to better understand, at a theoretical and experiment level, the kinetics of complexion transitions; this should be a fruitful area for future research.
